Abstract-This correspondence paper deals with the sensor placement optimization problem in the context of indoor multiple inhabitants location tracking to solve ambient assisted living problems. Binary sensors, like passive infrared (PIR) sensors, are used to guaranty specific coverage requirements and allow privacy respecting. Moreover, within real home environments, different kinds of obstacles (like walls, high furniture, etc.) can affect the detection capacity of PIR sensors. This paper proposes an integrated framework devoted to optimize the placement of sensors and PIR sensors in smart homes by taking into account physical topologies and coverage precision constraints. An integer linear programming problem is formalized and a case study illustrates the applicability of the proposed approach and the scalability of the optimization method.
I. INTRODUCTION
Ambient assisted living (AAL) solutions are considered core issues to improve health care at home. The object is proposing innovative methods and approaches for localizing elderly people in domestic environments and identifying their daily life activities. In this context, smart home technologies allow helping people to live in comfortable and safe environments. A smart home is a flat equipped with sensors and actuator devices that can be remotely controlled. On the basis of the information given by the sensors, the actuators are controlled for different purposes, e.g., to improve the comfort (heating, air conditioning and ventilation systems, lights control, etc. [4] ) or to ensure the safety of inhabitants (fire or gas control, health problem detection, etc.) [1] . The AAL research field aims at improving the comfort and the safety of aged or disabled people living in their own dwelling by including several applications such as the remote monitoring of patients having long-term diseases, the control of smart equipment to support elderly people in their daily activities, and the indoor location tracking of inhabitants [1] - [3] , [12] , [17] , [18] . In particular, indoor location tracking is a meaningful evidence for numerous AAL activities. It consists in finding the location of inhabitants on the basis of the information given by different sensors. For instance, the knowledge of the real-time location of inhabitants is helpful for the detection of health problems or to improve the environment comfort [2] , [3] . For these purposes, it is relevant to optimize the number and placement of sensors in smart homes in order to improve the location tracking performance [6] - [13] as well as minimizing the cost of instrumentation. In this correspondence paper, an integrated framework devoted to provide the designers with the best solution for the binary sensor placement is proposed. The system receives in input, the data about the possible sensor choices and the apartment topology, and optimizes the placement of the binary sensors like passive infrared (PIR) sensors, by considering different aspects: 1) the obstacles, like walls, that can limit the sensors detection; 2) a topological classification of the zones in which the tracking has to be performed; and 3) coverage and precision constraints of the location. In particular, the dwelling is divided into independent zones on the basis of the presence of walls and, for each independent zone, an independent sensor placement optimization problem is formalized as an integer linear programming (ILP) problem. Moreover, the application of the presented method to a case study, including different scenarios-in terms of precision and coverage of the location-is presented and discussed.
This paper is organized as follows. Section II discusses the related works. Section III presents the structure and the components of the integrated system. Moreover, Section IV describes the phases of the optimization strategy for sensors placement and Section V shows the effectiveness of the proposed method by considering a real flat topology. Finally, Section VI summarizes the conclusions and gives some perspectives for further works.
II. RELATED WORKS
In the literature related to AAL problems, some studies propose several technological solutions to realize different applications mainly related to activities of daily living (ADLs) recognition and location tracking. Rashidi and Mihailidis [18] summarized the state-of-the-art of AAL technologies, tools, and techniques. They also explore successful case studies and deployed systems and discuss the present and future challenges. Magherini et al. [19] described a system that uses propositional temporal logic and model-checking to support automated real-time recognition of ADLs within a smart environment. The effectiveness of the proposed approach is shown by applying it to a smart kitchen. Moreover, Andò et al. [20] explored the possibility to detect ADLs, with a particular focus on fall detection and present a smartphone-based ADL detector, which adopts an advanced classification paradigm to distinguish between different kinds of falls. Nag and Mukhopadhyay [21] dealt with the problem 2168-2216 c 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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of correctly recognizing the output of flexi-force sensors that may vary depending on the time usage. These sensors are typically used to monitor the occupancy or nonoccupancy status of chairs, sofa, and bed. Nag and Mukhopadhyay [21] proposed a real-time method based on dynamic thresholding that allows differentiating the two situations even in case of long-time usage. Furthermore, Zhou et al. [22] presented a case-driven ambience intelligence (C-AmI) system that aims to manage elderly people ADLs at home. The C-AmI system architecture integrates wireless sensor network, activity recognition, case-based reasoning, elderly in-home assistance customized knowledge within a coherent framework. It supports the sensing, predicting, and reasoning of assistive actions by exploiting the a priori knowledge about solved cases to meet the aged people's needs in a domestic environment.
Other related works in the AAL context refer specifically to the indoor inhabitants location tracking and different technologies and methodologies are used to locate the position of humans within a smart environment. Some authors develop tracking systems based on invasive sensors like wearable and/or cameras devices [23] - [27] . In this context, Tabar et al. [24] proposed a wearable identification badge, to localize a person in a flat. The user badge is equipped with two accelerometers for measuring sudden movements representing the fall of an elderly person and the approximate location of the user is computed by evaluating the signal strength measurement in the home environment. Furthermore, a distributed vision-based system for managing the accident in the assisted living environment has been developed in [25] . The posture of people is detected by merging features from different camera images in order to reduce false alarms. In [26] , a wearable ear-mounted device for localizing an inhabitant in the home environment has been developed. It is composed of an infrared proximity sensor and a dual axis accelerometer. When the person walks wearing the device, the accelerometer detects the footsteps while sometimes the proximity sensor fails to recognize the doorways. The authors remark that sometimes the proximity sensor fail to recognize the doorways accurately and, as a result, the human localization is not precise.
Wearable sensor systems can localize inhabitant positions with good accuracy but several drawbacks are derived from their use. Elderly people can forget to follow the instructions and do not like to carry special devices with them and there are also privacy issues. Moreover, many of these systems require complex infrastructure to be installed at home for inhabitant localization.
Some authors deal with the localization of inhabitants by using mobile robotic systems [23] , [27] , [28] . Such systems are invasive and the main results of the presented methodologies are derived from simulation studies while the real life experiments are still limited.
In order to recognize the inhabitant activities in real time, by using cheap sensors and without violating the privacy, PIR motion sensors can be used. In this context, Yang et al. [29] presented a distributed human location procedure for a binary pyroelectric infrared sensor tracking system and propose a two-level regional location, with static and dynamic partitioning. Crandall and Cook [30] used multiple PIR sensors and two location tracking algorithms. Crandall and Cook [30] remarked that it is needed to install a dense grid of sensors for the full coverage of the environment but anyway in some situations the human activity is not monitored correctly by one or more sensors resulting in less accurate results.
Hence, it appears that the study of the optimal design of infrared motion sensing systems for human motion localization is an open problem. In particular, Feng et al. [6] aimed at finding the optimal number and placement of PIR sensors in order to improve the localization performance. A multiobjective, mixed-integer-discretecontinuous optimization problem is presented and solved by using a divide and conquer-based genetic algorithm method. Moreover, Emmons and Kamangar [8] evaluated the optimal placement of binary sensors by providing several definitions for sensor coverage and spatial probability and by focusing on 1-D sensor arrays. A metric for measuring the overall utility of a given set of choices is presented and includes the precision evaluation of measurement and coverage, and the associated costs. In addition, Zhao et al. [9] faced the problem of finding the optimal sensor placement that can minimize the target tracking uncertainty by studying a control strategy that provides a flexible solution to autonomous optimal sensor deployment in 2-D and 3-D spaces.
In the previously mentioned works, different methods to solve the problem of sensors placement in a given space (1-D, 2-D, or 3-D) for location tracking purposes are developed but they do not solve the problem of multiple inhabitants location tracking in smart homes by considering real environments. In this context, Gaddam et al. [12] presented a framework to care elderly people in smart home based on wireless sensors. The sensor selection architecture is performed by an evaluation module that chooses the appropriate sensor nodes on the basis of performance requirements for observability, fault detection, fault robustness, and cost. However, Gaddam et al. [12] do not show the applicability of the method on a real home environment. On the other hand, Vlasenko et al. [13] proposed a hardware/software platform that aims to help inhabitants in performing several daily home activities. The goal is to recognize the general activities in real time, by respecting the privacy and developing a method for planning the optimal deployment of binary PIR motion sensors. Vlasenko et al. [13] optimized the sensors placement on the basis of the zones visitation frequency by considering only one inhabitant. In [1] - [3] , a method that aims at the systematic construction of a discrete event system (DES) model for real-time location tracking of one or multiple inhabitants into a smart home is proposed. In addition, a location tracking algorithm as well as a procedure to evaluate the relevance of a given instrumentation for location tracking, are presented. Several criteria are defined to evaluate a priori the performance of the chosen instrumentation and to help the expert for manually improving it. In particular, one of these criteria measures the inability of the sensors network to detect the presence of inhabitants in certain zones of the flat, defined as unlocationable zones. On the basis of the defined criteria, the performance of the location tracking algorithm is evaluated by an expert that can decide if a modification of sensors in terms of type, number, and placement is necessary.
In order to overcome the problem of manually modifying the sensors network by means of an expert, this paper starts from the contributions in [1] - [3] and provides an automatic procedure to optimize the placement of the sensors by guaranteeing the respect of the coverage requirements.
III. STRUCTURE OF THE INTEGRATED FRAMEWORK
FOR SENSOR PLACEMENT In this section, we describe the proposed methodology devoted to optimize the sensor placement in a generic flat topology. We present an integrated system that can be used by the designers to select the best solution for the placement of PIR sensors in order to satisfy suitable constraints and optimize a defined objective function. In particular, we are not interested in determining the identity of the inhabitants and the kinds of activities they are doing, but we aim to track the location of inhabitants in the flat with a specified accuracy. For this purpose, we are interested in optimizing the sensing system placement to reach the desired location tracking performances.
The integrated system is defined by considering the following assumptions: 1) binary sensors, like PIR sensors, are used because they are low cost, and ensure the privacy respect and 2) the living space is discretized by means of bidimensional grids because the placement of sensors and the localization of inhabitants in 2-D spaces are required for AAL purposes [11] - [14] .
Moreover, the proposed integrated system structure is constituted by two main components: 1) the data component, which includes a database describing the technological characteristics of the PIR sensors and the home topology map and 2) the model component, that provides the mathematical formulation of the sensor placement optimization problem by specifying the constraints and the objectives of the problem.
In particular, the model component is the core of the integrated system and is specified by the following three phase procedure.
1) Classification Phase: The zones of the dwelling that are limited by walls or obstacles (in the most cases the zones are the rooms) are classified by means of a strict order inclusion relation, which is graphically represented by a topological tree. This procedure determines a set of closed zones: we define closed zone a part of the flat where the optimization can be separately applied. 2) Discretization Phase: For each closed zone, two discretization scales are defined according to the required accuracy for sensor placement and location tracking: a) a first scale defines a grid for sensor placement and b) a second scale defines a grid for zone coverage. 3) Optimization Phase: An independent optimization problem is defined for each closed zone. Fig. 1 gives an overview of the optimization framework structure. The main components of the system and the relationships among them are pointed out. The outputs are the solutions provided by the optimization problems that give the optimal choices of type, position, and number of the PIR sensors for each closed zone.
IV. DATA AND MODEL COMPONENTS OF THE INTEGRATED FRAMEWORK This section specifies the data and the model components of the presented system and explains in detail the proposed procedure to optimize the sensor placement.
A. Data Component
PIR sensors belong to a set of types with cardinality S, where each element h ∈ H denotes a motion detector type. Moreover, each sensor type h is characterized by the following attributes. A detection angle da h that can be da h = 180 • or da h = 360 • , a detection radius dr h ∈ N + ; a cost c h ∈ R + . In particular, the PIR sensors can be placed in different zones on the basis of their types. For example, sensors with da h = 180 • can be positioned on the walls, and sensors with da h = 360 • can be placed on ceilings.
As an example, Fig. 2(a) shows the geometric definition of the coverage zone of a PIR sensor type with da h = 180 • and dr h = R. The presence of a wall into this zone constitutes an obstacle, which generates an uncovered zone. Fig. 2 (b) provides a discretization of the same coverage zone for a given coverage scale. Moreover, the closets, the doors and the windows can also be considered as obstacles for the motion detectors within the domestic environment.
B. Classification Phase
During the classification phase the topology of the flat is considered in order to define and classify the set of closed zones by means of a topological tree expressing an inclusion relationship between zones.
Here, we define as closed a zone whose space is limited by walls or materials, which constitute obstacles to the signals emitted by PIR sensors.
Each node of the tree represents a closed zone that may or not include smaller closed zones. The whole flat can be decomposed in closed zones and at the end of the decomposition the leaves of the tree have to be considered for the independent optimization application.
The procedure to build the tree is as follows.
1) The root node is the flat and is placed at the level 1, i.e., the highest level. 2) The main zones Zc i of the flat limited by the main walls are singled out and form the nodes of the tree second level.
3) Each zone Zc i is inspected in order to determine other zones
Zc i,j limited by cupboards, furniture, partitions, etc. 4) The procedure goes to an end when no other area is highlighted. By adopting the proposed zone classification, an independent sensor placement optimization problem can be defined for each leaf of the tree with different granularity for each level and each zone. The following example clarifies the proposed classification phase.
Example 1: Let us consider the flat shown in Fig. 3 and composed by the following rooms. An open space including the living room (5.5 × 5.2 m), the kitchen and the dining room (3.6 × 4.2 m); a laundry room and a pantry room; the bathroom; the master suite zone including a master suite (4.2 × 5.2 m), a bathroom and a dressing room; a second bedroom (4 × 3.4 m); a garage (7 × 6.5 m).
Considering the topology of the flat described in Fig. 3 , internal walls of the main rooms define a set of closed zones as represented in Fig. 4 . Starting from level 1 (the flat) the four main closed zones belonging to level 2 are singled out: the zone Zc 1 , the master suite zone Zc 2 , the second bedroom Zc 3 , and the garage Zc 4 (see Fig. 5 ).
Moreover, the following closed zones of level 3 are included in zone Zc 1 : the main open space that is represented by the node Zc 1.1 ; the second bathroom that is represented by the node Zc 1.2 ; the laundry and pantry rooms zone that is identified by the node Zc 1.3 . In 
C. Discretization Phase
In order to model the optimization problem by an ILP formulation, it is necessary to discretize the flat area. Two independent discretization grid scales are defined for each zone: 1) the grid scale g c divides the zones on the basis of the user requirements in term of location accuracy and 2) the grid scale g p defines the granularity of the sensors placement and has to be fixed by considering the technology of the sensors, especially, the detection radius. Note that it is possible to define different grid scales, for both g c and g p , for each of the 2-D: for the sake of the simplicity in the rest of this paper the same scales are considered for the 2-D. Now, in order to describe the flat discretization, the following sets are defined. 
where sensors of type h can be placed. 5) P = ∪ h∈H P h : Set of grid points (with cardinality P) where sensors can be placed.
Note that the discretization can be obtained by standard techniques [9] .
D. Optimization Problem Formulation
In this section, we formalize the sensor placement optimization problem for each closed zone by an ILP problem. In the proposed optimization framework, the objective is to optimize the placement of the sensors, by minimizing costs and satisfying the coverage requirements.
The grid coverage is denoted by the following binary variables, given as input data for the optimization problem:
The values of g ijh are determined in Algorithm 1. It is evident that g ijh = 0, ∀ i ∈ O with h ∈ H and j ∈ P h . The procedure considers for each sensor of type h a possible position j ∈ P h (step 2). Then, each point i ∈ N /O of the grid is selected (step 3) in order to evaluate the distance i − j . If it holds i − j ≤ dr h and the segment ij does not intercept any obstacle, then the considered sensor can cover point i (step 4) and it holds g ijh = 1.
Moreover, the decision variables are the binary variables x jh defined as follows:
Algorithm 1 Grid Coverage Determination
Step 0 h = 1
Step 1
Step 2 Select a point j ∈ Ps, set Ps = Ps − {j}
Step 3 Select a point i ∈ N s, set N s = N s − {i}
Step 4 Determine the Euclidean distance between i and j denoted by i − j : if i − j ≤ dr h and segment ij does not intercept any obstacle then set g ijh = 1, otherwise set g ijh = 0.
Step 5 If N s = ∅ then go to Step 3
Step 6 If Ps = ∅ then go to Step 2
Step 7 h = h + 1. If h ≤ S then go to Step 1
Step 8 End
The goal of the problem is minimizing the costs of the sensors that have to cover the grid points i ∈ N /O according to specific requirements and by excluding the obstacles. To this purpose, we introduce the following parameters.
where a i represents the minimum number of sensors that have to cover the grid point i that is not an obstacle.
, i is an obstacle. Now, the ILP problem is formalized as follows:
Equation (1a) is the objective function that minimizes the sum of the sensor costs by considering the grid points j ∈ P available for sensor placements. Constraints (1b) impose that the minimum number of sensors that have to cover the grid point i ∈ N /O is equal to a i . The ILP problem (1a), (1b) is known in the related literature as the set multicover problem that is NP-hard [32] . Even if for the dimension of the considered problems the exact solution is obtained in reasonable time, several algorithms are available in the literature and allow solving large problems [33] .
V. CASE STUDY
In this section, the application of the optimization method to the flat of Example 1 and shown in Figs. 2 and 4 is discussed by considering four scenarios where different closed zones are considered. Each scenario represents a particular situation that is analyzed to show the powerful of the proposed method by considering suitable zones under specified constraints. 1) In scenario 1, Zc 1.1 is considered to show the covering of a zone by properly placing the sensors in presence of permanent walls. 2) In scenario 2, Zc 2 is considered to show how to cover a zone in presence of open windows and open doors that can be obstacles for the sensor detection. 3) In scenario 3, the ability of the methodology to take into account the sensor failures is studied by considering zone Zc 1.1 . In the considered case study, the database of sensors includes five types of motion detectors: H = {h = 1, . . . , 5}. Table I reports, for each sensor type the corresponding attributes: note that sensors of type h = 1, 2, 3 can be positioned on the wall and sensors of type h = 4, 5 can be positioned on the ceiling. Moreover, two 2-D grids are defined for each zone and identified through their scales that are reported in Table II . A grid of scale g p is determined for the sensor placement and a grid of scale g c defines the coverage precision.
In such a way, we show that it is possible to choose the values of the grid scales on the basis of the accuracy of placement and coverage precision requirements. In the considered scenarios, the discretization of the grids is determined as follows. Let us consider a rectangular zone (A × B) and a grid scale of size g. The resulting grid set N = {i = 1, . . . , N} is composed by N = ( A/g + 1) * ( B/g + 1) points and each point i corresponding to the grid position (x i , y i ) is determined by the following formula:
where α denotes the floor function of α, i.e., the largest integer not greater than the real number α. Example 2: Consider the rectangular zone (A × B) = (2×1) m 2 depicted in Fig. 6 where a grid scale of g = 1 m is applied. The resulting grid is composed by 6 points N = {i = 1, . . . , 6} and each point corresponds to the grid position (x i , y i ) determined according to (2) and shown in Fig. 6 .
In the following sections, we solve the ILP problem (1a), (1b) by considering the three selected scenarios. The ILP problems are solved by using a standard solver, i.e., GNU linear programming kit [31] running on an Intel-Core i5-2450M, CPU at 3.40 GHz, with 6 GB RAM. Moreover, the solution of the problems is obtained within less than 30 min. 
A. Scenario 1
In scenario 1, the closed zone Zc 1.1 is considered. The objective is to optimize the placement of sensors by imposing that at least one sensor covers each zone not representing obstacles, i.e.,
Assuming that the walls and the closets are obstacles and using the grid scales reported in Table II , the zone Zc 1.1 is discretized as follows: N = M = 483, P = 270. The ILP problem has only one solution that uses two sensors of type h = 1 and h = 4, respectively. The two sensors are placed at the grid coordinates (x 1 , y 1 ) = (11, 20) and (x 2 , y 2 ) = (12, 6), respectively, as shown in Fig. 7(a) and (b) .
B. Scenario 2
In scenario 2, the closed zone Zc 2 is considered and includes two cases. In case 2a, the door and window are supposed to be closed and are no obstacles; in case 2b, the door and the window may be closed or opened, i.e., they have to be considered as possible obstacles. Also in this scenario, we impose that at least one sensor covers each zone not representing obstacles, i.e., a i = 1 if i ∈ (N /O) and a i = 0 if i ∈ O. The grids reported in Table I result in the following discretization of zone Zc 2 : N = M = 378, P = 308. In case 2a, the ILP problem provides the following set of optimal solutions, composed of sensors of type h = 1, very close together and exhibiting the same value of the objective function: Furthermore, the ILP problem solution of case 2b provides a set of 20 optimal solutions and each solution is composed of two sensors: 1) one sensor of type h = 1 and 2) one sensor of type h = 4. The set of the solutions is the following (sensors of types 1 and 2 are placed, respectively, at (x sa , y sa ) and (x sb , y sb ), for s = 1, . . . , 20): 20, 15) and (x 12b , y 12b ) = (4, 4) (x 13a , y 13a ) = (20, 14) and (x 13b , y 13b ) = (4, 5) (x 14a , y 14a ) = (20, 12) and (x 14a , y 14a ) = (5, 7) (x 15a , y 15a ) = (20, 7) and (x 15b , y 15b ) = (3, 6) (x 16a , y 16a ) = (16, 17) and (x 16b , y 16b ) = (4, 7) (x 17a , y 17a ) = (20, 13) and (x 17b , y 17b ) = (4, 6) (x 18a , y 18a ) = (20, 8) In particular, Fig. 9 shows the first solution of set S(2b).
C. Scenario 3
Scenario 3 considers the closed zone Zc 1.1 and imposes that at least two sensors cover each grid point i not belonging to an obstacle, i.e., a i = 2 if i ∈ N /O and a i = 0 if i ∈ O. Using the grids shown in Table I , the zone is discretized as follows: N = M = 483, P = 270.
The ILP solution returns only one optimal solution that includes four sensors: one sensor of type h = 1 is placed at the grid coordinates (x, y) = (11, 20) and three sensors of type h = 4 are placed at the grid coordinates (x, y) = (7, 16) , (x, y) = (13, 7), and (x, y) = (13, 12) , respectively.
The placements of the sensors are shown in Fig. 10 . In this case, it is possible to perform a location tracking even in case of a sensor failure.
VI. CONCLUSION
This correspondence paper presents an integrated framework to optimize the sensor placement in a multiple inhabitant locationtracking by using binary sensors. The integrated system is composed of a database describing the flat and the sensors and a model component that provides the optimal sensor placements.
To this aim, the flat is divided into a set of independent closed zones and the proposed method optimizes the placement of sensors within each zone by minimizing the sensor costs. The proposed method allows an accurate placement of sensors and a complete coverage of each zone by discretizing the space in bidimensional grids with different scales and by considering the problem of obstacles for motion detectors. On the basis of a real smart home topology, three different optimization scenarios are presented and discussed to demonstrate the effectiveness of the optimization method that may provide different alternative optimal solutions that the user can choose. The solutions presented in the considered case study show the benefit of the proposed method: it is possible to cover the flat with the minimum number of sensors by guaranteeing full coverage and addressing sensor failures.
Future research will consider other kinds of sensors in order to improve the accuracy of the coverage and the performance of the location tracking.
